Introduction
Gout is an inflammatory arthritis that results from high serum uric acid (sUA) levels, that is, hyperuricemia. In 80%-90% of patients, hyperuricemia results from inadequate excretion of uric acid. 1, 2 Hyperuricemia can lead to deposition of monosodium urate crystals in musculoskeletal structures, kidneys, and other tissues causing chronic inflammation, acute gout flares, and potentially chronic arthritis with joint damage and disfiguring tophi, kidney stones, and chronic kidney disease.
The recommendation for long-term management of gout is maintenance of sUA levels ,6 mg/dL as a minimum and ,5 mg/dL in cases of greater disease severity, using urate-lowering therapy (ULT). 3 Allopurinol and febuxostat are xanthine oxidase inhibitors (XOIs) that block uric acid production and are recommended as first-line therapy for patients with gout. [3] [4] [5] If the sUA target cannot be achieved with an XOI, 
3556
gillen et al treatment guidelines recommend combination therapy of an XOI with a uricosuric medication. [3] [4] [5] Lesinurad 200 mg tablets have been approved by the United States Food and Drug Administration and by the European Medicines Agency for use in combination with an XOI for the chronic treatment of hyperuricemia associated with gout in patients who have not achieved target sUA levels with an XOI alone. Lesinurad inhibits the uric acid transporter URAT1 in the proximal tubules of the kidney, 6 resulting in increased urinary excretion of uric acid and lower sUA. 7, 8 Seventy-one percent of patients with gout have chronic kidney disease. 9 This report describes the pharmacokinetics (PK) and pharmacodynamics (PD) of a single dose of lesinurad in adult volunteers with various degrees of renal impairment. Results from this study helped determine inclusion/exclusion of patients with renal insufficiency to participate in the lesinurad Phase III clinical program.
Methods
The studies were designed and monitored in accordance with ethical principles of Good Clinical Practice as defined by the International Conference on Harmonisation and the Declaration of Helsinki. An institutional review board for each study site (Crescent City Institutional Review Board, New Orleans, LA, USA; Independent Institutional Review Board, Plantation, FL, USA; Schulman Associates Institutional Review Board, Durham, NC, USA) approved the protocol before trial commencement, and all subjects gave written informed consent.
subjects
In the first study, both adult male and non-reproductive (post-menopausal or surgically sterile) female subjects, aged $18 years to #85 years, with body mass index (BMI) $18 kg/m 2 and #40 kg/m 2 and weight $50 kg, were eligible. Enrolled subjects were categorized as having mild or moderate renal impairment if their estimated creatinine clearance (eCrCl), determined by the Cockcroft-Gault formula at baseline, was 60-90 mL/min or 30 mL/min to ,60 mL/min, respectively. Control subjects with eCrCl $90 mL/min were matched to those with renal impairment by age and BMI. Subjects who required dialysis for the treatment of renal disease were excluded. Subjects were not allowed to receive uricosuric medications (eg, probenecid and sulfinpyrazone) but could continue XOIs at the same dose throughout the study.
In the second study, male subjects, aged $18 years and #85 years, with BMI $18 kg/m 2 and #40 kg/m 2 and weight $50 kg, were eligible. Only male subjects were enrolled since gout is a disease that primarily occurs in males.
Enrolled subjects were categorized as having moderate or severe impairment if their eCrCl at baseline was 30 mL/min to ,60 mL/min or 15-30 mL/min, respectively. Control subjects with eCrCl $90 mL/min were matched to those with renal impairment by age, BMI, and CYP2C9 metabolizer phenotype. Poor metabolizer subjects with homozygous CYP2C9 polymorphism (eg, *2/*2 and *3/*3) or with compound heterozygous CYP2C9 polymorphisms (ie, both *1/*2 and *1/*3) and subjects who required dialysis for treatment of renal disease were excluded to ensure that comparisons of PK and PD between renal function categories were not confounded by an isolated poor metabolizer. Subjects receiving XOIs, including allopurinol and febuxostat, and those receiving uricosuric medications, including probenecid and sulfinpyrazone, and those indicated for the treatment of gout with hyperuricemia were excluded from the study.
study design
Both studies were Phase I, multicenter, open-label, singledose studies. Screening procedures to determine subject eligibility were performed within 21-28 days prior to dosing. Enrollment was in cohorts based on their eCrCl status. The normal renal function cohorts were enrolled after the other cohorts in order to match the baseline characteristics of age, gender, weight, and BMI to those subjects enrolled in the other cohorts. Subjects checked into the study center on Day -2 and stayed until the last study procedures had been completed 72 hours (Day 4) after dosing on Day 1. All subjects had a follow-up visit on Day 8±1.
A lesinurad 200 mg dose (first study) or 400 mg dose (second study) was administered to all subjects in the morning on Day 1 after an 8-hour fast; a snack was provided 1 hour after dosing.
PK assessment
Blood and urine samples, collected at pre-specified times, were analyzed for lesinurad concentrations by Ardea Biosciences, Inc. (San Diego, CA, USA). Plasma samples were prepared by protein precipitation and urine samples by dilution; both were quantified using high-performance liquid chromatography with tandem mass spectroscopy (LC MS/MS). Plasma protein binding of lesinurad was evaluated by adding [
14 C]lesinurad to plasma samples and measuring the unbound fraction by equilibrium dialysis.
PK parameters for lesinurad were calculated using noncompartmental analysis. Plasma PK parameters included maximum observed plasma concentration (C max ), time to C max (T max ), and area under the plasma concentration-time curve 
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effects of renal function on PK and PD of lesinurad (AUC) from zero to infinity (AUC 0-∞ ). Half-life (t 1/2 ) was not reported; most individual values were considered unreliable as they were calculated over a time interval that was less than twice the calculated value. Despite the unreliable t 1/2 , AUC 0-∞ was deemed reliable since ,2% was extrapolated. AUC was calculated using the linear trapezoidal rule. The apparent oral clearance (CL/F) was also determined.
Urinary PK parameters included the amount of lesinurad excreted unchanged in urine over a time interval (A e ), the fraction of the lesinurad dose (% dose) excreted unchanged in urine following dosing (f e ), and the renal clearance of lesinurad (CL R ). A e was calculated as concentration measured × volume, while CL R was calculated as A e divided by plasma AUC over the same time interval. PK parameters were derived using WinNonlin Professional, version 5.2 (Pharsight Corporation, Mountain View, CA, USA).
PD assessment
Blood and urine samples were collected at specific times during the study for the measurement of serum and urinary concentrations of uric acid and creatinine. Urate in serum and urine samples was analyzed by a colorimetric and an enzymatic method in the first and second study, respectively. Serum creatinine concentrations were determined using an enzymatic method.
The PD parameters for uric acid in urine were determined using procedures (SAS Institute Inc., Cary, NC, USA). The amount of uric acid recovered in urine (Ae UR ) was calculated as the product of urine concentration of uric acid and urine volume. Renal clearance of uric acid (CL UR ) was calculated as Ae UR divided by plasma urate AUC over the same time interval, while the fractional excretion of uric acid (FEUA) was calculated as (CL UR /CrCl) ×100.
safety assessment
Subjects were monitored throughout the study and any adverse events (AEs) or remedial actions were recorded in the subject's clinical report form. The severity of an AE was assessed by the investigator according to Rheumatology Common Toxicity Criteria (RCTC) version 2.0. Blood and urine samples were collected for clinical laboratory evaluations at specific times during the study. Supine blood pressure, pulse rate, respiratory rate, and oral body temperature were also measured at specific times during the study. A physical examination was performed at Day -2 and at follow-up. Standard digital 12-lead electrocardiograms (ECGs) were recorded at specific times during the study to detect any immediate ECG effects. These ECGs were viewed by the investigator locally.
statistical analyses
The PK population consisted of all subjects who received lesinurad and had evaluable PK data, while the PD population consisted of all subjects who received lesinurad and had evaluable PD data. The safety population consisted of all subjects who received lesinurad.
To assess the effect of renal impairment on the plasma and urine PK of lesinurad, the natural log-transformed PK parameters for mild, moderate, or severe renal impairment groups were compared against the normal renal function group. An estimate of the geometric mean ratios of the PK parameters with the corresponding 90% CIs was generated.
Descriptive statistics for PD and safety population data included N, arithmetic mean, minimum, maximum, and standard errors.
Results

subject disposition and baseline characteristics
There were 24 subjects who entered and completed the first study and 18 subjects who entered and completed the second study. When subjects were categorized for renal function based on their baseline eCrCl, six subjects in the first study were classified as having normal renal function, eight having mild renal impairment, and ten having moderate renal impairment. In the second study, six subjects were classified as having normal renal function, six having moderate renal impairment, and six having severe renal impairment. The demographic characteristics of subjects are shown by renal function status and lesinurad dose in Table 1 . Subjects given lesinurad 200 mg were generally older, had lower BMI, and were predominantly white compared with those given lesinurad 400 mg. Mean plasma protein binding of lesinurad ranged from 98.4% to 99.0% with no apparent differences between groups.
PK
The plasma concentration-time profiles of a single dose of lesinurad 200 or 400 mg in subjects with various degrees of renal function are shown in Figure 1 , and a summary of plasma and urinary lesinurad PK parameters is presented in Table 2 . T max was generally unchanged by renal function status. C max changed little with increasing renal insufficiency, while AUC 0-∞ increased as renal function declined (Table 2) . Compared with subjects with normal renal function, the geometric mean plasma C max increased by 41% following a lesinurad 200 mg dose in subjects with mild impairment; however, the 95% CIs largely overlapped between the two groups. C max was unchanged with moderate renal impairment following a lesinurad 200 mg dose and with moderate or severe renal impairment following a lesinurad 400 mg dose ( Table 3 ). The geometric mean AUC 0-∞ for the lesinurad 200 mg dose increased 34% with mild renal impairment and 65% with moderate renal impairment. For the lesinurad 400 mg dose, the increase was 54% and 102% with moderate and severe renal impairment, respectively. The amount of the lesinurad 200 mg dose excreted in urine was unchanged with mild renal impairment, but decreased by 69% with moderate impairment. The decrease was 60% and 75% with moderate and severe renal impairment following a lesinurad 400 mg dose. Lesinurad renal clearance was reduced by 26% and 82% with mild and moderate renal impairment, respectively, following a lesinurad 200 mg dose and by 74% and 88% with moderate and severe impairment, respectively, following a lesinurad 400 mg dose ( Table 3) .
The relationship between the C max , AUC, total clearance, and renal clearance of lesinurad and creatinine clearance (CrCl) is shown in Figure 2 . Compared with C max , AUC had a stronger upward trend as renal function declined, whereas total clearance and renal clearance both had downward trends with declining renal function.
PD
Higher mean pre-dose sUA levels were observed for subjects with moderate and severe renal impairment (9.4 mg/dL and 9.1 mg/dL, respectively) compared with those with mild Drug Design, Development and Therapy 2016:10 submit your manuscript | www.dovepress.com
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effects of renal function on PK and PD of lesinurad impairment or normal renal function (6-7 mg/dL). The changes from baseline sUA concentration-time profiles following a single dose of lesinurad 200 mg or 400 mg in subjects with various degrees of renal function are shown in Figure 3 . With the 200 mg dose, sUA lowering was similar (maximum reduction ∼22%) in mild impairment and with normal function, but the sUA lowering was attenuated in the moderate renal function group (maximum reduction ∼8%). With the 400 mg dose, maximum sUA reduction was 28% in the normal renal function group, 17% in the moderate impairment group, and 6% with severe impairment.
PD parameters for urinary uric acid are summarized in safety Lesinurad was well tolerated by all subjects, with few AEs reported. One moderate renal impairment subject, who had multiple comorbidities and co-medications, experienced Grade 1 (mild) acute renal failure 10 days after a 200 mg dose of lesinurad; the event resolved after ∼3 days. At the time of this event, the subject also experienced Grade 3 (severe) hyperkalemia, which resolved after 2 days. The investigator considered that it was unlikely that the renal failure or the hyperkalemia was related to lesinurad and suggested an alternative etiology of concomitant administration of excess diuretics. Following a 400 mg dose, five treatment-emergent AEs were reported, all of which were reported by two subjects with moderate renal impairment. One subject reported musculoskeletal pain (left and right shoulders) and gouty arthritis, of which gouty arthritis was possibly related to lesinurad. The other subject reported arthralgia which was also rated as possibly related to lesinurad. Other than the expected decrease in sUA levels, no clinically significant changes in laboratory values were observed, except for one subject who experienced two episodes of hypoglycemia that were possibly related to lesinurad. There were no changes in mean serum creatinine following administration of a single dose of lesinurad. There were no clinically significant findings for vital signs, ECG, and physical examinations.
Discussion
Most patients with gout also have chronic kidney disease, therefore, it was important to assess the PK and PD of Abbreviations: C max , maximum observed plasma concentration; aUc 0-∞ , area under the plasma concentration-time curve from zero to infinity; A e0-72 , amount of lesinurad excreted unchanged in urine from zero to 72 hours; cl r , renal clearance of lesinurad. 
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effects of renal function on PK and PD of lesinurad lesinurad to better understand its potential efficacy in people with different degrees of renal impairment. In this study, mild, moderate, and severe renal impairment increased lesinurad AUC by 34%, 54%-65%, and 102%, respectively. Lesinurad C max was not affected by renal impairment status at either the 200 mg or 400 mg dose. The lack of effect on C max is consistent with the mechanism of renal impairment status, where drug elimination is mostly affected, as demonstrated by the prolonged half-life of lesinurad. Urinary excretion of lesinurad was ∼36%-66% lower with moderate renal impairment and ∼81% lower in severe renal impairment compared with subjects with normal renal function. The increase in plasma AUC exposure of lesinurad is therefore consistent with reduced renal elimination due to renal impairment. The site of URAT1 inhibition by lesinurad is in the apical membrane of the kidney proximal tubule and the most relevant concentration of lesinurad associated with the sUA lowering is likely the unbound concentration of lesinurad in the urinary lumen of the proximal tubule. The degree of sUA lowering was similar in mild renal impaired subjects compared with normal renal function, but although sUA lowering was attenuated in subjects with moderate renal impairment, it was considered to be adequate to study them in Phase III. However, sUA lowering was greatly diminished in subjects with severe renal impairment and these subjects were deemed not appropriate for enrollment in Phase III studies.
Uric acid is primarily eliminated by the kidney via filtration. As renal function declined, the amount of uric acid excreted in urine decreased along with CL R at baseline because of the decreased filtration of uric acid. Following administration of lesinurad, the amount of uric acid excreted increased as did CL R and FEUA due to inhibition of URAT1 but the effects were less than that observed in subjects with normal kidney function. Thus, a subject with greater renal insufficiency will have less uric acid available for reabsorption via URAT1, and the extent of inhibition by lesinurad is diminished.
Possible limitations of these studies were the almost exclusive inclusion of male subjects and that it was only a single-dose administration. However, safety and efficacy of lesinurad have been studied with long-term administration in subjects with normal, mild, and moderate renal impairment in Phase 3 studies, which also did include females with gout. 10 Therefore, based on those data, the product was approved for use in mild and moderate impairment without any dose adjustment, 11, 12 although, in the US, lesinurad is not recommended for use in subjects with eCrCL ,45 mL/min due to the limited amount of data in that population. 
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Conclusion
Lesinurad exposure increased with decreasing renal function; although sUA lowering in mild impairment was similar to normal kidney function, it was attenuated in moderate and severe renal impaired subjects. The effect of renal function and efficacy associated with lesinurad dosing from this investigation provided valuable inclusion/exclusion information for Phase 3 study design. Thus, Phase III studies did not enroll subjects with severe renal impairment and the treatment groups were balanced based on renal function (eCrCL).
